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Abstract
In this work we performed numerical simulations of one π-conjugated polymer chain subjected to photogener-
ation. Within the SSH model modiﬁed to include the Brazoviskii-Kirova symmetry breaking term, we investigate
the dynamics of photoexcitations to address the generation mechanism of polaron-excitons using the unrestricted
Hartree-Fock approximation. It was obtained that after the photoexcitation the system relaxes spontaneously into a
polaron-exciton in a transient state in a range of 200 f s. Our results also show that charged polarons are generated
directly after this transient state.
c©2011 Published by Elsevier B. V.
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1. Introduction
In the study of high-performance materials, the great potential of organic semiconductors in the development of
new technologies for optoelectronic devices has attracted great attention in recent years [1, 2, 3]. The applications of
these materials include light emitting diodes (OLEDs) [4, 5, 6], thin ﬁlm transistors [7], photodiodes and photovoltaics
(OPVs) [8, 9]. Organic photovoltaics are particularly attractive for exhibiting substrate ﬂexibility, lower cost, light
weight among others. In this sense, although many works have tried to understand the photogeneration mechanism for
the charge carriers formation in organic semiconductors, such studies remains controversial. In experimental studies,
considering the fact that the increase in photocurrent and the corresponding decrease in photoluminescence are not
proportional at a high electric ﬁeld (> 105V/cm), Soci et al [10] analyzed the charge carrier generation and relaxation
dynamics by means of transient excited-state absorption (photoinduced absorption (PIA)) measurements in a proto-
typical luminescent polymer, poly(phenylene vinylene) (PPV), probed with 100 f s temporal resolution in the 600nm
spectral region. They spanned the infrared active vibrational modes (IRAV) to propose the direct polaron creation.
This suggests that direct creation can be an alternative route to obtain stable free charge carriers. Another experimen-
tal result suggests that the charge carriers are obtained as a result of the ﬁeld-induced dissociation of excitons which
are ﬁrstly formed by photoexcitations [11].
Theoretical studies concerning the photogeneration eﬀects on charge carrier generation dynamics in polymer
chains have been extensively performed recently [12, 13]. In one of these works, the charge carrier photogeneration
mechanics due to exciton dissociation was explored in the framework of the tight-binding approach [12]. In this work,
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two kind of optical transitions for an exciton in PPV molecules are suggested. Also it is found that the high-energy
transition will dissociate the exciton into free charges, being responsible for a photocurrent. In another theoretical
study, the interchain coupling eﬀects on photoexcitations of two polymer coupled through nearest nearest neighbor
interchain hopping was discussed [13]. In these work, a nonadiabatic evolution method was carried out to investigate
the relaxation dynamics of the charge carriers in the presence of an external ﬁeld. Considering a pair of interacting
chains, the results show that there are not only intrachain excitons, but also interchain. By an intrachain exciton we
mean a structure that contains, in a single chain, an electron coupled to a hole, while an interchain exciton consists on
a bound state of a positive polaron on one chain and a negative polaron on the neighboring chain. All the experimental
and theoretical results show that both neutral excitons and charged polarons are spontaneously formed at the same time
independently. However the generation dynamics of the polaron-excitons and the charge carrier formation dynamics
in organic semiconductors are not clearly understood yet.
In our work we analyzed the generation dynamics of polaron-excitons and the formation mechanics of charged
polarons in π-conjugated polymer chain performing a simulation of the dynamical relaxation of photoexcited state.
A neutral polaron-exciton is formed when an electron and a hole are bond together by a lattice deformation. The
approach used consists on the use of an empirical tight-binding model of the SSH type modiﬁed to include the
Brazoviskii-Kirova symmetry breaking term. The photoexcitation is simulated by an electron withdraw from the
HOMO (highest occupied molecular orbital) level which is absorbed in the LUMO (lowest unoccupied molecular
orbital). The results shown that after the photoexcitation the system relaxes spontaneously into a polaron-exciton in
a transient state in few fentoseconds. Also the charged polarons are generated directly after this transient state. This
results suggests that the dynamics of photoexcited states may be of fundamental importance to the properties and
performance of organic semiconductors.
2. Methodology
We choose a cis polyacetylene chain [14, 15] to study the dynamics of photogenerated polaron-excitons on a π-
conjugated polymer chain of ﬁnite length. Model Hamiltonian H used are SSH-type Hamiltonian [14, 15] and have
the following form,
H = −
∑
n,s
tn,n+1
(
C†n+1,sCn,s + H.c
)
+
∑
n
K
2
y2n +
∑
n
p2n
2M
. (1)
The operator C†n+1,s creates and the operator Cn,s annihilates a π-electron at the n-th site with spin s in the chain; K
is the harmonic constant due to the σ bonds. M is the mass of a CH group. yn ≡ un+1 − un, where un, is the lattice
displacement of the atom at nth site along the chain. pn is the momentum conjugated to un and the quantity tn,n+1 is
the hopping integral, given by
tn,n+1 =
[
1 + (−1)nδ0] (t0 − αyn) , (2)
with t0 being the hopping integral of a π-electron between nearest neighbor sites in the undimerized chain and δ0 is
the Brazovskii-Kirova symmetry breaking term, used to take the cis symmetry of the polymers into consideration.
The parameters chosen in this letter are t0 = 2.5eV , M = 1349.14eV × f s2/Å2, K = 21eVÅ−2, δ0 = 0.05 and
α = 4.1eVÅ−1. These values are also used in other theoretical studies [16, 17, 18] and the results are expected to
be valid for the other conjugated polymers. In order to solve the problem numerically, we must ﬁrst obtain an initial
solution for the polymer chains, i.e., we must obtain a stationary state fully self-consistent with the degrees of freedom
for electrons and lattice. The time evolution of the lattice conﬁguration is then determined by the equations of motion.
The equations of motion for the electronic wave function ψk,s is the solution of the time-dependent Scrho¨dinger
equation
iψ˙k,s (n, t) = −tn,n+1ψk,s (n + 1, t) − t∗n−1,nψk,s (n − 1, t) (3)
The equation of motion for the site displacement used in the temporal evolution of the lattice is determined within
a classical approach [15],
Fn (t) = Mu¨n = −K [2un (t) − un+1 (t) − un−1 (t)] + α [Bn,n+1 − Bn−1,n + Bn+1,n − Bn,n−1] , (4)
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in which we removed the j-index to simplify the notation. Here,
Bn,n′ =
∑
k,s
′ψ∗k,s (n, t)ψk,s
(
n′, t
)
(5)
is the term that couples the electronic and lattice problems. The primed summation represents a sum over the occupied
states only. In the context of Koopman Theorem, we simulate an excitation from the Highest Occupied Molecular
Orbital (HOMO) to Lowest Unoccupied Molecular Orbitals (LUMO) changing the occupation number in the sum
above. We introduce the expansion
ψk (t) =
∑
l
Clkφl (t) (6)
with Clk = 〈φl|ψk〉, were {φl} is the set of eigenfunction of the electronic Hamiltonian at a given time t. The obtained
solution of the time-dependent Schro¨dinger equation is written as [18]
ψk,s (n, t) =
∑
l
⎡⎢⎢⎢⎢⎢⎣
∑
m
φ∗l,s (m, t)ψk,s (m, t)
⎤⎥⎥⎥⎥⎥⎦ × exp
(
−iεlΔt

)
φl,s (n, t) , (7)
where {εl} represents the eigenvalues of the electronic part of the Hamiltonian at a given time t.
3. Results
In this paper we present the results obtained for simulations where it was considered 100 sites chains with periodic
boundary conditions. The dimerized conﬁguration generates a bond length variable y of alternate sign. To provide a
good visualization of the results, we deﬁne the order parameter for the bond length y(t) as follows:
y(t) = (−1)n − −yn−1(t) + 2yn(t) − yn+1(t)
4
. (8)
In order to simulate the excitons and the polarons in the systems, we proceeded analogously to speciﬁc studies of quasi-
particle formation in this kind of systems. The polaron-exciton arises from a HOMO to LUMO+1 photoexcitation in
the molecule of the system. Figure 1 shows the time evolution of bond-length in two modes for better understanding.
Figure 1: Time evolution of the order parameter for the bond length.
Figure 1A shows clearly the beginning of phonons formation in approximately 200 f s. Also is noted the lattice
starting to deform the bond lengths for polaron-exciton formation in approximately 420 f s after the photoexcitation. It
is well known that this kind of perturbation leads to almost instantaneous lattice deformation (≈ 80 f s), however, the
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transient state where the polaron-exciton is formed occurs at several fentoseconds later, as can be seen in the picture.
A similar result is observed in An et al work [19] where the response time of the system presents a chain length
dependence. In Figure 1B we can see that the photoexcitation in the beginning of the simulation even though the
420 f s for the transient state appears. The charge carrier photogeneration in conducting polymers is experimentally
observed to be four times shorter than that. The discrepancy from the obtained result is due to great symmetry that our
system presents. Since there periodic boundary conditions were used, there is no preferential position for the bond
length deformation and the polaron-exction is formed in 420 f s in a transient state which has a duration of 200 f s, as
can see in the Figure 1B. After 600 f s the numerical ﬂuctuations provide the loss of translational symmetry necessary
to the polaron creation, as can be easily noted in the Figure 1B. The experimental time response is recovered when a
broken symmetry is present in the simulation.
In the Figure 2 we present the energy level behavior around the valence and conduction bands at the gap. This
result correspond to the simulation performed for a cis-polyacetylene shown in Figure 1. The beginning of phonons
formation is observed from 200 f s where the oscillation in the lattice is clearly noted. The transient state observed
from 420 f s until 600 f s shows the spontaneously polaron-exciton formation. After this time, characteristics levels of
a polaron are formed inside the gap and remains until the end of the simulation. It can be noted the double degeneracy
of the energy levels. Figure 2 presents an energy level ﬂuctuation. This ﬂuctuation in the energy levels occurs due to
the photoexcitation. The oscillation in the lattice can be attributed to electronic interactions after the photoexcitation,
because there is no deformation on the lattice until 200 f s as we can seen in this ﬁgure.
Figure 2: The band structure of the system at the gap with the valence and conduction bands energy levels. Note the typical polaron energy level
formation inside the gap at approximately 600 f s.
4. Conclusions
In this work we studied the generation dynamics of polaron-excitons and the formation mechanics of charged po-
larons in π-conjugated polymer chain performing a simulation of the dynamical relaxation of photoexcited state. The
photoexcitation is simulated by an electron withdraw from the HOMO level which is absorbed in the LUMO+1. The
used approach consists on a semi-empirical tight-binding model of the SSH type modiﬁed to include the Brazoviskii-
Kirova symmetry breaking term. The results show that 420 f s after the photoexcitation the system relaxes sponta-
neously into a polaron-exciton in a transient state. Also a charged polaron are generated directly after this transient
state. Thus, our results suggests that polaron-excitons and photocarries, i.e., charged polarons are ultrafast formed at
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the same time. This results suggests that the dynamics of photoexcited states may be of fundamental importance to
the properties and performance of organic semiconductors.
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